Summary: Ovarian cancer is the fifth most common malignancy in the world's female population and with the highest lethality index among gynecological tumors. The prognosis of metastatic disease is usually poor, especially in platinum-resistant cases. There are several options for the treatment of metastatic disease resistant to platinum derivates (e.g. paclitaxel, topotecan and pegylated liposomal doxorubicin), all of which are considered equipotent. Pegylated liposomal doxorubicin (PLD) is a liposomal form of the anthracycline antibiotic doxorubicin. It is characterized by more convenient pharmacokinetics and a different toxicity profile. Cardiotoxicity, the major adverse effect of conventional doxorubicin, is reduced in PLD as well as hematotoxicity, alopecia, nausea and vomiting. Skin toxicity and mucositis, however, emerge as serious issues since they represent dose and schedule-limiting toxicities. The pharmacokinetics of PLD (prolonged biological half-life and preferential distribution into tumor tissue) provide new possibilities to address these toxicity issues. The extracorporeal elimination of circulating liposomes after PLD saturation in the tumor tissue represents a novel and potent strategy to diminish drug toxicity. This article intends to review PLD characteristics and the importance of extracorporeal elimination to enhance treatment tolerance and benefits.
Introduction
Malignant ovarian tumors are the fifth most common malignancy, and the fourth leading cause of death by malignant disease in the world's female population (1) as they possess the highest lethality index amongst gynecological tumors (2) . More than 70% of patients are diagnosed at a late stage (3) . Most ovarian tumors are of epithelial origin (approximately 90%) with invasive serous carcinoma being the most common histological type (4) . Non-epithelial tumors represent less than 10% of ovarian tumors, with a different prognosis and treatment.
The therapeutic strategies of epithelial ovarian tumors are based on the combination of surgery and chemotherapy. Tumor debulking with minimal residual tumor mass, followed by platinum-based chemotherapy, are considered standard procedure for advanced ovarian cancer (2) . The most common regimen in first-line therapy is the combination of paclitaxel 175 mg/m 2 and carboplatin AUC 5-6 administered every 21 days. Although the response rate (RR) for this combination in advanced disease exceeds 80% and a complete response is achieved in 40-60%, most patients tend to relapse within a median progression-free survival of 18 months (2, 5) . The patients' prognosis and the probability of attaining a response to second and subsequent chemotherapy lines, depends strongly on the time interval defined by the last dose of preceding line of chemotherapy and the time of progression, e.g. platinum-free interval (1) . Patients are divided into four groups according to this time interval, affecting both prognosis and further treatment strategy. Patients progressing during the therapy or within 4 weeks after the last dose are defined as platinum-refractory. Patients with disease progression within 6 months are defined as platinum-resistant, and partially platinum-sensitive patients present disease progression between 6 and 12 months after cessation of preceding chemotherapy line. The most favorable prognostic group of platinum-sensitive patients is defined by disease progression beyond 12 months from the last dose of platinum-based chemotherapy (6) . The treatment of platinum-sensitive patients should be based on a combined therapy containing a platinum derivate (carboplatin or cisplatin) (1, 7) . However, platinum-resistant and platinum-refractory patients in particular, do no benefit from further platinum-based chemotherapy treatments. The prognosis of this patient subgroup is generally poor with overall survival (OS) of less than 12 months (1). The treatment of these patients should therefore be focused on sustaining the best possible quality of life and symptom control (1) . Sequential single-agent therapy using non-platinum-based agents is generally recommended for these patients, as a combined therapy strategies are not an improvement over a single-agent therapy (1) . The most common regimens include docetaxel, topotecan, weekly or 3-weekly paclitaxel, gemcitabine or pegylated liposomal doxorubicine (PLD). The response rate (RR) to these agents is similar, with variations from 17% to 27% and lacking superiority between them (1, 7). The main difference between these agents is found within their toxicity profile. Therefore, the selection of the therapeutic treatment should be based on toxicity, clinical situation and preferences of each individual patient (1).
Pegylated liposomal doxorubicin (PLD)
Pegylated liposomal doxorubicin (PLD) is a formulation based on the anthracycline antibiotic doxorubicin, encapsulated in polyethylene-glycol (PEG) coated liposomes (8) . Liposomes are small vesicles composed of a lipid bilayer membrane with an aqueous core ( Fig. 1 ) with an average size ranging from a few nanometers to several micrometers (9) . The approximate mean size of PLD is 90 nm (10, 12) . The surface of the liposomes is covered with a dense layer of PEG covalently attached to the lipid membrane in a process called pegylation (11) . This formulation leads to a significant change in the toxicity profile and pharmacokinetic properties of the parent drug. Cardiotoxicity, the limiting adverse effect of conventional doxorubicin, is significantly reduced in PLD (12) . The polyethylene-glycol coating protects serum opsonins from binding to the liposome surface, decreasing liposome degradation by the reticuloendothelial system (RES) (11) . This mechanism is responsible for the significantly increased biological half-life (T 1/2 ) of PLD as compared to free doxorubicin (11) . PLD is currently approved for the treatment of AIDS-related Kaposi's sarcoma, metastatic breast cancer, multiple myeloma, and metastatic ovarian cancer (8) . The standard regimen for the treatment of platinum-resistant ovarian cancer is 50 mg/m 2 intravenously every 28 days until progression or serious toxicity are found (13) . PLD is available under the trademark name Doxil ® (US) or Caelyx ® (outside US) (14) .
Mechanism of action
The active agent of PLD is doxorubicin hydrochloride (8) . Doxorubicin (DOX) is an anthracycline antibiotic originally isolated from Streptomyces peucetius (15) . Anthracyclines are some of the most potent and commonly used anti-cancer drugs that have been produced so far (16) . Their chemical structure consists of two major parts: tetracyclic aglycon (in the case of DOX, it is called doxorubicinon), a chromophore responsible for the typical red color of anthracyclines, and the amino sugar daunosamine (Fig. 2) (15) . The polycyclic aglycon is essential for the intercalation of DOX between DNA strands, whereas the amino sugar (bearing a positive charge in most cellular compartments) stabilizes the intercalation by electrostatic interactions with the negatively charged phosphate groups in the DNA chain (12) . This DNA intercalation is responsible for the deformation of the DNA double helix, and topoisomerase II inhibition through stabilization of otherwise reversible complexes between DNA and topoisomerase II (anthracycline-DNA-topoisomerase II ternary complexes) (15, 16, 17) . The fully functional activity of this enzyme is necessary for DNA replication, transcription, recombination and chromatin remodeling. Its activity consists in creating transient DNA breaks that are consecutively released after changing the conformation of the DNA (15) . When inhibiting topoisomerase II, the ternary DNA-topoisomerase complex is stabilized and DNA release becomes impaired. This results in the creation of permanent double-strand DNA breaks with a lethal effect to the affected cells (15) . Production of reactive oxygen species (ROS) is considered another important mechanism of DOX anti-tumour activity (18) . ROS can cause direct damage to the DNA, RNA, lipids and proteins, and is also responsible for cardiotoxicity, the major adverse effect of DOX (19) .
Adverse effects, toxicity
The toxicological profile of PLD is quite different from that of free DOX, with palmar-plantar erythrodysesthesia (PPE, also called hand-foot syndrome) and mucositis being the most common adverse effects (20) . Although not life-threatening, these adverse effects might, in severe cases, lead to dose reduction or chemotherapy cycle postponement, negatively influencing therapy outcome (21) .
PPE incidence can reach 50% for any grade and 20% for grades 3 and 4 (using standard regimen 50 mg/m 2 every 28 days) (22, 23) . When severe, PPE is usually manifested as paresthesias at days 14-21 after the third cycle of chemotherapy, followed by skin eruptions 3-5 days later (22) . The syndrome culminates as painful erythema and swelling, predominantly in areas exposed to pressure such as hand palms and feet soles, followed by skin desquamation and re-epithelization. The severity may vary from the development of mild erythema to severe skin damage causing contemporary invalidity of the patient. However, skin affection is temporary with a complete restitution after 2-3 weeks (24) . The pathogenesis of PPE remains unknown, but there are several proposed contributing mechanisms. It was proved that anthracyclines and their metabolites are transported to the skin surface by sweat glands (25) , these substances then spread laterally and back to the stratum corneum of the epidermis, serving as a reservoir of PLD from which DOX is gradually released (25) . A high density of sweat glands and thick stratum corneum are typical of the skin of palms and soles, which may explain the predominant occurrence of PPE in these locations (26) .
DOX released from the liposomes is also responsible for the formation of reactive oxygen species (ROS) that induce the production of chemokines and pro-inflammatory cytokines (IL-1β, IL-6 a IL-1α) in keratinocytes (18) . These mediators are responsible for leucocyte chemotaxis and inflammatory reaction enhancement. Moreover, ROS can cause direct damage to collagen fibers. In affected areas, the combination of an inflammatory reaction, keratinocyte's apoptosis and collagen degradation lead to complete skin destruction in the affected areas (27) .
Mucositis usually occurs as stomatitis, but rare cases of pharyngo-esophagitis and vulvo-vaginitis were also described (12). The incidence of mucositis is mainly affected by the amount of PLD administered as a single dose, unlike PPE which is associated rather with dose intensity (dose/ time interval between drug administrations) (28) . Therefore, dose reduction seems a reasonable approach to reduce the incidence of stomatitis, but has a little impact value in PPE prevention. On the other hand, PPE incidence could be reduced by prolonging the time intervals between individual chemotherapy courses (29) . Despite the relatively higher incidence of PPE and mucositis in PLD therapy, the incidence of cardiotoxicity, the major side effect of DOX, is significantly reduced in PLD as well as the incidence of alopecia, myelosupression, nausea, and vomiting (30) .
Pharmacokinetics
The pharmacokinetics of PLD have several properties common in most nanoscale particle based drug delivery systems, which are substantially different from non-liposomal DOX. These properties include a prolonged T 1/2 of 60-90 hours (PLD doses of 35-70 mg/m 2 (31) as compared to that of DOX with only 20-30 hr. (32, 33, 34) ), minimal drug leakage from circulating liposomes, and preferential distribution to the tumor tissue (12) . Almost 100% of the administered dose remains encapsulated in liposomes after intravenous infusion of PLD. These pharmacokinetics are due to the properties of the liposomal carrier, which allows the delivery of the administered drug dose to the target site in encapsulated form. Unlike free DOX, the distribution volume (V d ) of PLD is very small and roughly equivalent to the intravascular volume (35, 36) . The pharmacokinetics of PLD can be described using a one-compartment model with linear pharmacokinetics and proportionally increasing C max along with increasing doses (28, 36, 37) . However, according to some authors, the pharmacokinetics of PLD is more accurately modeled as a two-compartment model with an initial T 1/2 of several hours, followed by a slower decrease of PLD concentration with a T 1/2 of 2-3 days, contributing significantly to the AUC (30, 35, 38) . A large diameter of liposomes (80-90 nm) is responsible for the limited ability of PLD to penetrate through tight endothelial junctions in most capillaries of the human body. Intact endothelium therefore represents a barrier for PLD extravasation into normal tissues and protects them from the toxic effects of DOX (12) . As a result of neo-angiogenesis, however, the tumor vasculature is different from that of normal vessels in several aspects. A discontinuous basal membrane, numerous fenestrations and enhanced permeability, enables PLD leakage into the tumor interstitium (39, 40) . Furthermore, most tumors lack effective lymphatic drainage that could clear PLD from the tumor site resulting in PLD accumulation (40, 41) . These characteristics are responsible for a phenomenon called enhanced permeation and retention (EPR) effect, which is considered a fundamental principle for the predominant PLD distribution in tumor tissues (also known as passive targeting) (10, 39) . Maximum PLD concentrations in tumor tissue were detected between 48 and 72 after PLD infusion (42, 43) . DOX encapsulated in liposomes is gradually released into the tumor tissue resulting in prolonged exposure of cancer cells to the active free drug, which then enters into the cells (30) .
RES activity is responsible for the removal of liposomal drug delivery systems from the blood stream, including PLD, by monocytes, macrophages and dendritic cells which are located mainly in the liver, spleen and bone marrow (44) . PLD clearance by RES and its factors may also affect the efficacy and toxicity of treatment, otherwise described as pharmacodynamics and toxicodynamics (45) . Other factors have been proposed to affect the PLD pharmacokinetics; La-Beck et al. have defined some of them in their retrospective study including 70 patients treated with PLD for solid tumors and Kaposi's sarcoma (45) . Patients of the male gender, age < 60 years and higher monocyte count before PLD administration were associated with higher PLD clearance. Pre-cycle monocyte count was also identified as a potential marker of PLD clearance (45, 46) . A significant decrease in PLD clearance was documented in subsequent chemotherapy cycles (from cycle 1 to cycle 3) (45) . Further studies will be needed to support these findings, but it is becoming clear that inter-individual variability in the PLD pharmacokinetics represents a serious therapeutic issue as long as it affects both toxicity and treatment outcome (45, 47) .
Extracorporeal elimination of PLD as a way to reduce toxicity
Considering the reduced incidence of myelosupression, alopecia, cardiotoxicity, nausea and vomiting, PLD has a more favorable toxicologic profile than conventional forms of DOX (30) . However, hand-foot syndrome and mucositis still represent a serious therapeutic issue (21) . There are several proposals seeking to reduce these dose and regimen-limiting toxicities, such as the prophylactic use of pyridoxine, avoidance of vasodilatation inducing activities (hot showers, sun exposure), and minimizing skin pressure or friction (48, 49) .
An innovative and sophisticated approach is based on PLD's unique pharmacokinetics. As mentioned before, the enhanced permeation and retention (EPR) effect is responsible for the predominant and prolonged deposition of PLD in tumor tissues whereas most normal tissues are protected from the toxic effect of PLD thanks to an intact endothelial barrier (10, 39) . A clinical trial studying the distribution of radiolabeled ( 111 In-DTPA) pegylated liposomes revealed a high activity in tumor tissue even after 7 days post-administration, whereas T 1/2 was only of ~76 h (50, 51). The tumor compartment usually represents only a fraction of the whole body compartment, suggesting this is the reason why only a small portion of the total dose (approx. 0.5-3.5%) is located within the tumor site despite a relatively selective targeted distribution (52, 51) . Considering this, along with the fact that PLD concentration in tumor tissue is dependent on actual plasma concentration, it can be presumed that a higher PLD concentration is only needed to build up a relevant diffusion gradient between plasma and tumor compartment (52) . The remaining drug pool probably does not have any significant anti-tumor effect after having saturated the tumor tissue, but mainly contributes to adverse effects (50, 52, 53) . It has been shown that the accumulation in the tumor tissue is much faster than that in potential sites of adverse effects (mainly the skin) (54). Charrois et al. studied the pharmacokinetics of PLD in rat models. Tumor tissue C max was reached after 24 h, while that in the skin and paws was achieved after 72 h (52, 54) . This provides a substantial time gap between the saturation of the tumor site to enable the development of an anti-tumor effect, and critical drug concentration threshold in normal tissues to develop adverse effects (52) . The elimination of circulating liposomes within this time interval using a suitable method would very probably prevent PLD accumulation in sensitive tissues and therefore minimize potential adverse effects (52) . A greater benefit can be expected in reducing PPE, whereas the ability to reduce hematotoxicity and mucositis will probably be less prominent since these adverse effects are more dependent on C max compared with prolonged PLD exposure (28, 52) .
Extracorporeal apheresis system
Extracorporeal apheresis is commonly used to eliminate pathogenic substances from the bloodstream. It has been in use for more than three decades to decrease the plasma concentration of LDL (low density lipoproteins) in patients with familiar hypercholesterolemia (55) . The fact that LDL and liposomes are similar in several aspects encourages the possibility of eliminating the redundant fraction of circulating liposomes by extracorporeal apheresis systems, of which size exclusion filtration has proved to be the most suitable (56) . The usual apheresis technique used in clinical praxis is a double-filtration plasmapheresis (DFPP) (53) since it is able to separate macromolecules from the plasma based on their molecular weight and three-dimensional structure (57) . This process is carried out in two main steps: blood cells are separated from plasma in the first step, while in the second step, LDL, liposomes, or other particles with diameter exceeding 30 nm are separated from plasma ( Fig. 3 ) (58, 62, 63) . The filtration process operates in a continuous fashion and its efficacy depends on the volume of the treated plasma (53, 59) . The average time for eliminating 60-70% of circulating LDL is approximately 2-3 hours (53). DFPP is a well tolerated method with minimal, generally mild, side effects (60) . Pütz et al. in Freiburg, Germany, were the first to propose the use of extracorporeal apheresis to reduce induced toxicity by nanoscale drug delivery systems (52) . Both pre-clinical and clinical trials were performed to prove the efficacy and safety of DFPP in this setting, the results seem promising so far (53, 50) . 
First results of PLD extracorporeal elimination to reduce toxicity
A single clinical trial utilizing extracorporeal elimination of liposomal chemotherapeutics to reduce toxicity has been performed so far, Eckes et al. showed results of the CARL-trial (Controlled Application and Removal of Liposomal chemotherapeutics) in 2011 (50) . The study enrolled 15 patients with solid tumors (12 patients with breast cancer treated with PLD/vinorelbine ± herceptine in the neoadjuvant setting, and 3 patients with recurrent ovarian cancer treated with PLD). The DFPP was performed 42-48 hours after PLD infusion. The safety and efficiency of PLD extracorporeal elimination were addressed as primary endpoints of this study. The DFPP achieved the elimination of approximately 62% of circulating PLD (corresponding to ~45% of the initial dose). No relevant DFPP, five grade 2 and one grade 3 treatment related adverse events were reported and only a single case of PPE grade 2 was observed. Reduction of >30% in tumor size was achieved in 10 out of 12 breast cancer patients (neoadjuvant) and 1 out of 3 recurrent ovarian patients. It can be presumed that the extracorporeal elimination of PLD using double filtration plasmapheresis is a safe and efficient method to reduce the dose and regimen-limiting toxicity of PLD (50) . Our so far unpublished experience with 20 apheresis cycles in metastatic ovarian cancer patients treated with PLD support these findings.
Conclusion
Neither new chemotherapeutic agents nor targeted therapy (with a few exceptions such as imatinib or trastuzumab), have led to a major improvement in the treatment outcome of solid tumors in past years. The highly selective mechanism of action of targeted therapy seems to be a problem when considering the tumor population's heterogeneity (39) . As long as some nanoscale-based drug delivery systems show unique pharmacokinetic features, including selective drug distribution into the tumor tissue regardless of heterogeneity, their use in cancer treatment may help overcome this problem. Nanoscale-based drug delivery systems, including liposomal forms of cytostatic agents, are known to have prolonged T 1/2 , and a more convenient distribution pattern and different toxicity profiles (61) . Although some adverse effects are less common, others may cause potential dose-limiting toxicity (28) . Using an extracorporeal apheresis system could be the solution for reducing these adverse effects without dose reduction or prolonging the time interval between chemotherapy cycles. The indications for currently approved liposomal antineoplastic drugs (e.g. Myocet ® , Caelyx ® ) are broad, and hopefully new nanoscale-based forms of antineoplastic agents will be soon available. Adverse effects similar to those seen in PLD can be expected and extracorporeal apheresis use could be a way to reduce their incidence and severity while achieving the best possible quality of life.
